BANDING of the pulmonary artery has been proposed as a therapeutic procedure for patients with a large left-to-right shunt and pulmonary artery hypertension not amenable to complete correction. It was theorized that by increasing the resistance to outflow from the right ventricle, and thus lowering the pulmonary artery pressure, the size of the left-to-right shunt would diminish, the high output failure state would improve, and the pulmonary arterioles might be protected from developing progressive intimal changes.
monary artery hypertension in whom the pulmonary vascular changes raise the operative mortality to prohibitive levels; and (3) patients with a presently inoperable anatomic situation in whom the decrease of pulmonary blood flow by means of banding might improve congestive heart failure.
The present report has been prompted by the paucity of reported series of any sizable number of patients treated by means of pulmonary artery banding. It was thought that by analysis of the results in a large series of patients, indications for the procedure and operative risks might be clarified.
Material and Methods
All patients who underwent banding of the pulmonary artery at the Children's Hospital Medical Center between 1957 and June 30, 1964, comprise the series. There was a total of 69 patients, 31 male and 38 female. Within recent years, with improvement in surgical technics and increased interest in the surgery in infants, more patients were submitted to this palliative procedure and thus approximately 70 per cent of the cases were operated upon since 1962.
All of the patients had a complete clinical evaluation, including physical examination, xrays, and electrocardiograms, and were examined by one of the authors in addition to other members of the Cardiology Department. Sixty-seven patients had cardiac catheterization and cineangiography performed according to the wellestablished technics. In addition, three patients have undergone postoperative cardiac catheterization. Autopsy reports were available on 19 patients.
The operative technic consisted of banding the main pulmonary artery with wide Nylon tape to reduce its size to approximately a third of its original diameter. Until 1963, all patients were operated upon in the main operating room of the Children's Hospital Medical Center under normal atmospheric conditions. With the introduction of hyperbaric surgery at our institution, 14 patients were operated upon in the hyperbaric chamber at pressures of 3.0 and 4.0 atmospheres A ventricular septal defect must therefore be proved, preoperatively, in every patient undergoing the banding procedure, since the lack of such a defect has always proven fatal.
The patients in this report xvere arbitrarily divided into tvo groups. Both had in common large intracardiac left-to-right shunts with pulmonary artery hypertension. The differen-tiating feature was the presence or absence of associated great vessel anomalies.
Group I consisted of patients in whom there were no associated great vessel anomalies. The preoperative evaluation revealed a homogeneous group of severely ill infants and children. All but two of the 48 were in intractable congestive heart failure despite vigorous long-term anticongestive measures. In addition, approximately 50 per cent of them exhibited frank pulmonary edema and repeated superimposed pulmonary infections.
One patient was subjected to the surgical procedure because of obstructive pulmonary artery hypertension. This 6-year-old girl tolerated the procedure without incident and has been followed thus far for a period of only 9 months. Cardiac catheterization has as yet not been repeated to evaluate the efficacy of this approach. Dammann et al.9 reported on eight patients with this hemodynamic picture ranging from 4 to 12 years of age. In three of these there was an "over-all right-to-left" shunt, whereas in the remaining five the shunt was "over-all left-to-right." Two patients with a predominant right-to-left shunt died. In two of those with a left-toright shunt there was suggestive, though by no means conclusive, evidence of a decrease in the pulmonary vascular resistance. Dammann and his co-workers suggested that the medial hypertrophy, normally found during fetal life, failed to regress in the presence of an elevated pulmonary artery pressure and flow. It was on this basis that the eight patients were subjected to pulmonary artery banding.
Certain questions remain unanswered in this type of patient. How much total left-to-right shunt must exist for the patient to benefit by further decreasing pulmonary blood flow? If the shunt were "over-all right-to-left," then banding the pulmonary artery would, physiologically and hemodynamically, only increase cardiac embarrassment. With a right-to-left shunt, no longer is the pulmonary blood flow increased but only the pulmonary arterial pressure. How much can the pressure be reduced, without compromising the heart, in its attempt to perfuse a high resistant pulmonary arteriolar bed? Long-term follow-up with repeated cardiac catheterizations in addition to lung biopsies will be needed to answer these questions and to determine the validity of banding in this type of patient. For the present, however, we are not routinely subjecting these patients to pulmonary artery banding.
Further comment is warranted with regard to the specific defects included in group I. To predict the future of patients with isolated ventricular septal defects, had they not undergone banding of the pulmonary artery, is extremely difficult, if not impossible. Certainly some would have died either from infection or from intractable congestive heart failure,'17 18 and others would have gone on to develop progressive pulmonary vascular obstructive disease, thereby creating a totally inoperable situation.19-21 It also seems likely that in a few instances the ventricular septal defect would have undergone spontaneous closure. 22, 23 Finally, in a few centers, these patients might well have undergone total correction of their defect at an early age, though surely not under 6 months.2 Therefore, one is faced with a patient who cannot be managed medically and in whom the risk of total correction, by means of cardiopulmonary bypass, is at the present time, in most institutions, at prohibitive levels.'0 The place for a palliative or "first stage" procedure, such as the BlalockTaussig operation for patients with decreased pulmonary blood flow, thus becomes apparent but has to be decided by each physician for the individual patient-taking into consideration the likelihood of the various course of events enumerated as well as the prevailing surgical skills in the particular institution.
Those patients who, in addition to a ventricular septal defect, have a patent ductus arteriosus present a unique problem. It is often extremely difficult to determine the respective percentage of increased pulmonary blood flow caused by each of these lesions. The optimal therapy for this group would appear to be the simultaneous closure of both defects. This, however, is technically difficult Circulation, Volume XXXII, Auguxt 1965 and the risk in small infants is almost prohibitive. Sasahara et al. 24 showed that division of the patent ductus arteriosus alone produced little, if any, clinical improvement, failed to lower the pulmonary vascular resistance, and, in some, resulted in a "left-to-right shunt of a magnitude comparable to the preoperative one through the ventricular septal defect alone." Therefore, in these extremely sick, small babies, division of the ductus, plus banding of the pulmonary artery, would appear to be the procedure of choice. We propose that in patients with this preoperative diagnosis, exploratory thoracotomy should be performed and the ductus divided. If, following division of the patent ductus arteriosus, there is residual, significant pulmonary artery hypertension, a banding procedure is recommended.
Of special interest in group I were those 10 patients with complete atrioventricular communis defects. Williams At the present time the risk of complete surgical correction in this group of patients is approximately 75 per cent.25 27 Thus, with correction at prohibitive levels, a palliative procedure which could control the congestive heart failure and possibly protect the pulmonary vasculature from progressive obstructive changes should be utilized. If the principal hemodynamic burden is the left-to-right shunt with pulmonary artery hypertension and not mitral regurgitation, then the patient should benefit significantly from the procedure. The very favorable results in this group of patients suggests that this indeed is an excellent palliative approach to the problem. If, however, mitral regurgitation is the principal hemodynamic problem, banding the pulmonary artery would result in little, if any, hemodynamic improvement.
The technic of constricting the main pulCirculation, Volume XXXII, August 1965 monary artery to a third of its original size has not significantly changed since it was first described. 1 The method of validating the effectiveness of this procedure has been altered considerably since banding was first performed in this institution. Initially, verification was obtained either by inspection alone or by the measurement of systemic arterial oxygen saturations. Neither method, in retrospect, was found to be adequate. Five of the six patients in group I succumbed at operation and two of the three late deaths had had no pressure measurements obtained at the time of banding. The marked variability and limitations in the use of oxygen saturations and the extreme difficulty in being able to predict at the operating table the size of the pulmonary artery lumen are well known.7 As a result, pressure measurements are being obtained in the operating room on all patients before and after application of the band. The value of pulmonary artery banding in this group of patients has been significant. No patient, postoperatively, has required either diuretics or a special diet. Only two patients are receiving antibiotics from their local physicians, not for existing infection, but rather as a "prophylactic" measure. Of the surviving 39 patients, 15 no longer require any medication. In addition to the impressive reduction in the need for medication, there has been an equally impressive increase in the rate of growth of these patients ( fig. 2b) . Seven patients have increased from below the third to the thirtieth percentile and 14 have moved up into the tenth. Sixteen patients have been followed for too short a period of time postoperatively to evaluate adequately the effect of the procedure on their growth. Possible explanation for our poor results in coarctation of the aorta, with a systemic right ventricle, may be found in the documented severe pulmonary arteriolar changes.
In the transposition group, the difficulties in assessing the degree of banding necessary to decrease pulmonary blood flow, without markedly reducing systemic arterial oxygen saturation, are great. Furthermore, the sudden increase in resistance to right ventricular outflow due to banding may be too stressful to the already severely malformed heart. It is likely that these hearts with multiple defects cannot be palliated adequately with a single surgically induced hemodynamic alteration.
Patients with persistent truncus arteriosus are a somewhat special group. In types II and III, without question, both pulmonary artery branches must be banded to effect any significant long-term benefit to the patient.'4' 15 Our poor results with this group were, in major part, the result of only unilateral banding, specifically the left pulmonary artery. All but one of the patients died at surgery. The fourth patient has already been described in detail. This case not only demonstrated the necessity for adequate banding of both pulmonary arteries but in addition lent further credence to the theory proposed by Dammann, 9 specifically, "the regression of pulmonary vascular disease after creation of pulmonic stenosis."
The rationale for undertaking pulmonary artery banding operations in the compression chamber is based upon experimental data obtained in a series of anesthetized baboons and Rhesus monkeys. In 80 per cent of the animals included in the study, an increase in calculated pulmonary vascular resistance occurred in the compression chamber at environmental pressures of 3.0 to 4.0 atmospheres absolute (30 in morbidity or mortality at the time of total correction, it would appear, from clinical and hemodynamic measurements, that we are presenting for later definitive repair better surgical risk patients. For infants with intractable congestive heart failure due to a complete atrioventricular canal or a ventricular septal defect plus a patent ductus arteriosus, pulmonary artery banding is even more justified.
In those patients who, in addition to a large left-to-right intracardiac shunt and pulmonary arterial hypertension, have great vessel anomalies, the risk of banding is much greater. Consequently, whenever possible, these patients should be treated conservatively. Surgical palliation is justified, at the present time, only as a last resort to prevent death rather than as a maneuver for an infant who fails to improve.
